Exocytosis of secreted mucins is the final step in their intracellular processing, resulting in their release into the airway lumen to interact with water and ions to form mucus. Mucins are secreted at a low baseline rate and a high stimulated rate, and both rates are regulated by second messengers acting on components of the exocytic machinery. The principal physiologic function of the low baseline rate is to support steady-state mucociliary clearance of inhaled particles and pathogens that enter the airways during normal breathing. Even in the setting of mucin hyperproduction, baseline secretion generally does not induce mucus occlusion. The principal physiologic function of the high stimulated rate of secretion from both submucosal glands and surface goblet cells in proximal airways appears to be to sweep away larger particles, whereas in distal airways it appears to act in concert with mucin hyperproduction to induce mucus occlusion to trap migrating helminths. Pathophysiologically, stimulated mucin secretion in the setting of mucin hyperproduction from allergic or other types of airway inflammation in the absence of helminth infection causes airflow obstruction and infection. Molecular components of the mucin exocytic machinery are increasingly being identified, and surprisingly, many components are not shared between baseline and stimulated machines. The physiologic significance of the presence of two distinct molecular machines is not yet known, such as whether these interact selectively with secretory granules of different sizes or contents. A full understanding of the mechanism and regulation of airway mucin secretion will provide further insight into pathophysiologic processes and may identify therapeutic strategies to alleviate obstructive airway diseases.
Airway mucin production and secretion are often lumped together, as in the rubric "mucus hypersecretion." However, mucin production and secretion are distinct phenomena underlaid by separate cell biological processes and regulated by different molecular signals. Mucin production and secretion can themselves each be broken into multiple processes. Other articles in the proceedings of this conference focus on the regulation of mucin gene expression, mucin glycoprotein synthesis, and mucin packaging into secretory granules. This article focuses on the mechanism and regulation of the exocytic release of mucins, including substeps of the assembly and activation of the exocytic machinery, as well as on the roles of different baseline and stimulated mucin secretory rates.
Pathophysiologic Significance of Mucin Secretion
It can be inferred that mucin secretion is required for lung health because deletion of the gene for mucin 5b (Muc5b) in mice results in a profound loss of mucociliary clearance, the accumulation of particulate debris within the lungs, and a high rate of death as a result of infection or airway obstruction (1) . Because mucins must be secreted to form extracellular mucus, it seems obvious that mucin secretion is required for lung health. However, an airway epithelial mutation resulting in a complete failure of mucin secretion has not been reported. In fact, such a mutation may not be achievable, owing to cell-autonomous epithelial death resulting from the sharing of key molecular components between regulated and constitutive secretion (2, 3) or the complementation of secretory function in knockout mice by related proteins. Incomplete exocytic defects do not effectively test the necessity for mucin secretion, because increased intracellular mucin stores compensate at least partially for the defect in efficiency (2, 4 ) also see hydrostatic model on page S166. Despite the possibility that an absolute requirement for mucin secretion in lung health may not be demonstrable, the role of mucin secretion in multiple protective and pathophysiologic processes can be tested with mutant mice with partial defects in secretion.
Mucin is secreted in the airways at a slow baseline rate and a high stimulated rate. Both the baseline and stimulated secretory mechanisms are regulated, as indicated by the fact that they both depend on extracellular ligands and second messengers (5) and that the protein Munc13-2 which is a target for second messengers participates in both mechanisms (6) . Thus, the pathways for airway mucin secretion are distinct from the apical constitutive secretory pathway (Figure 1 ), even if some molecular components may be shared.
In surface epithelial cells of all intrapulmonary airways of mice and the distal bronchi and bronchioles of humans, the rate of baseline mucin secretion matches the rate of synthesis in naive (uninflamed) airways such that there is only minimal intracellular mucin (7, 8) . In these airways, the small amount of intracellular mucin is not visible by histochemical stains for sugar side chains (Figure 2, left) , though sensitive immunohistochemical stains demonstrate intracellular Muc5b/MUC5B throughout the surface epithelium from the trachea distally to the level of (but not including) terminal bronchioles (6, 7, 9, 10) . Larger showing a secretory (club) cell in the center and a ciliated cell on the right. Proteins destined for secretion, including the secreted mucins (green) that are produced exclusively in club cells and not in ciliated cells, are synthesized in rough endoplasmic reticulum surrounding the nucleus and extending into cytoplasm at the basal pole of the cell. Newly synthesized proteins are transported from the endoplasmic reticulum to the cis-Golgi in coated vesicles and become fully glycosylated as they progress through the Golgi stacks. In the trans-Golgi, mucins are likely segregated from other secreted proteins and packaged into large carrier vesicles as described for other large proteins such as collagen (37) . New mucin granules then likely fuse homotypically (laterally) to generate large secretory granules, as occurs in other regulated secretory cells, but this has not yet been directly studied in club cells. Mucin secretory granules can then be released in response to extracellular signals and intracellular second messengers in a classic regulated secretory pathway (see text for details). Distinct apical and basolateral constitutive secretory pathways responsible for the replacement of lipids and proteins in the plasma membrane and secretion of proteins such as cytokines are likely to exist in both club cells and ciliated cells as they do in other polarized cell types, though the constitutive secretory pathways of airway epithelial cells have not yet been delineated at a molecular level. It is important to recognize that the baseline regulated pathway for mucin secretion is not synonymous with the apical constitutive secretory pathway and probably shares few or no molecular components (see text for details).
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amounts of MUC5B are stored in histochemically visible granules of submucosal glands, and both MUC5B and MUC5AC are stored in visible granules of surface epithelial cells of naive proximal airways of humans (7, 11) . With exposure to inflammatory stimuli (e.g., interleukin [IL]-13 for Muc5ac, IL-1b for Muc5b), mucin production in surface epithelial cells can increase 10-to 100-fold, but the efficiency of secretion is not increased, resulting in the accumulation of mucins intracellularly (Figure 2 , center). This can be conceived of as a hydrostatic model, such as water in a bucket that contains a hole in the bottom but is continually replenished by inflow from a spigot (2). With increased inflow (i.e., increased mucin production), the water rises to a higher level but eventually stops rising (i.e., comes to a new steady state) because the increased hydrostatic pressure causes increased outflow (i.e., increased mucin secretion), even though the hole at the bottom remains the same size. An increase in the size of the hole at the bottom would correspond to an increase in exocytic efficiency (i.e., stimulated secretion) (see next paragraph). This model has been tested using varying levels of mucin production and mutant mice with loss of function of exocytic proteins (2, 4), but whether the higher steady state of baseline secretion that occurs when mucin production rises is due to the accumulation of more secretory granules or of granules of larger size, or both, is not yet known.
Upon stimulation by high levels of extracellular agonists such as ATP, acetylcholine, or histamine, the rate of airway mucin secretion can be increased thousands-fold. For example, by measuring the rate of disappearance of mucin granules from epithelium of perfused canine airways using high-speed video microscopy, Davis and colleagues measured a 1,760-fold increase in rate after the addition of ATP to the perfusate (12), and similar observations were made using the epithelium of healthy subjects and subjects with cystic fibrosis (13). It is possible that the rate of baseline mucin secretion is higher than what has been recorded by video microscopy if mucin-containing granules too small to be observed by this method also undergo exocytosis (5). However, measurement of secreted mucins in the supernatants of cultured cells and perfused tracheas confirms that the rate of stimulated secretion is far greater than the rate of baseline secretion over short time periods (4) . Individual mucin granules have been observed to release their contents in approximately 0.1 second (12) , and the released mucins absorb several hundredfold their mass of water to generate mucus in approximately 1 second (14, 15) , so the transition from intracellular mucin to extracellular mucus is very rapid. Although the initial burst rate of stimulated secretion exceeds the baseline rate 1,760-fold, it lasts only approximately 10 seconds and results in release of only about one-half of the approximately 30 granules that are released in response to high levels of ATP from naive canine airways. The remaining granules are released during a plateau phase that is approximately 38-fold higher than baseline rate and lasts about 2 minutes. In any case, the stimulation of secretion in an inflamed airway that has stored large amounts of intracellular mucin leads to the rapid release and swelling of the mucin, which can cause occlusion of airways ( Figure 2 , right).
The principal adaptive value of baseline mucin secretion is presumably to generate a mucus layer that is steadily propelled toward the pharynx by ciliary beating to remove unwanted particles and pathogens that enter the airways during breathing (7, 16). As noted above, absence of the major constitutively expressed airway mucin, Muc5b, results in a severe defect in mucociliary clearance of particles and pathogens in mice (1) . Partial reductions in Muc5b result in commensurate reductions in particle clearance, and this may be a factor in the increased susceptibility to lung infection with aging (17) . If baseline levels of mucin production and secretion protect against infection, then increased levels of mucin production that result in a proportional increase in baseline secretion might protect against infection. This was tested in a transgenic mouse overexpressing Muc5ac in its airways that demonstrated a thickened airway mucus layer and reduced susceptibility to influenza virus infection (18) , and similar studies with a transgenic mouse overexpressing Muc5b in its airways are underway (1) . Protection against lung infection is likely to have driven selection of an allele of the MUC5B enhancer in white persons that results in approximately 20-fold overexpression in the airways (19; see article in this issue by David Schwartz pp. S192-S197 [20] ). The 12% allele frequency in white persons is similar to the 15% frequency of the sickle hemoglobin allele in areas of hyperendemic malaria, consistent with strong positive selection (21) . However, constitutive overexpression of MUC5B comes at a price because it is a major risk factor for development of interstitial lung disease late in life, possibly owing to epithelial progenitor cell depletion resulting from proteostasis stress of producing large amounts of mucin (22) .
The adaptive value of stimulated mucin secretion is a subject of active investigation. It is hypothesized that the stimulated secretion of fluid and mucins from submucosal glands plays an important role in clearing proximal airways of particles and microbial pathogens (23, 24) , and it is likely that stimulated secretion from goblet cells in the surface epithelium of proximal airways performs a similar function. In the intestine, activation of MyD88-dependent innate immune signaling pathways induces rapid mucin secretion from surface epithelial cells to clear bacteria from crypts (25) , but there is no evidence of comparable control of mucin secretion by MyD88 in the airways. However, the localized release of ATP or other secretagogues such as proteases in the airway may perform a similar function. In addition, it has been hypothesized that the rapid secretion of hyperproduced mucins in distal airways might trap helminths migrating through the lungs during infection (26) . Type 2 inflammation plays a central role in helminth defense, and mucus is a critical component of this defense (27) . The type 2 cytokine IL-13 can prime the airways for helminth trapping by increasing Muc5ac production and rendering smooth muscle hyperresponsive to constrictor stimuli. Upon contact with a nematode, the rapid release of mucins together with smooth muscle constriction around the luminal mucus could result in occlusion of the airway lumen and trapping of the helminth (Figure 2, right) . There is now evidence for the trapping of helminths in the lungs of primed mice, which was presented at the conference. Presumably, this pathogen defense mechanism goes awry in allergic asthma, in which inhaled substances such as pollens, chitin in insect exoskeletons and fungi, and allergenic proteases falsely signal the presence of helminths, resulting in the release of IL-13 from leukocytes (26) . The release of secretagogues such as histamine or ATP can then trigger rapid mucin release and bronchoconstriction, resulting in airway occlusion (Figure 2, right) . Thus, an adaptive mechanism that probably evolved to selectively close a limited number of airways to protect against helminth migration becomes maladaptive when multiple airways close simultaneously in response to inhaled stimuli. This is reminiscent of the adaptive localized pulmonary arterial vasoconstriction that helps maintain ventilation-perfusion matching but becomes maladaptive with generalized vasoconstriction during hypoxic conditions such as at altitude.
Molecular Mechanism of Mucin Secretion
Exocytosis has been studied in eukaryotic cells from yeast to neurons and has been found to employ a highly conserved mechanism. Although the core machinery is shared between yeast cells and neurons, a key difference is that neurons add a regulatory machinery that responds to second messengers generated in response to external signals. In this regard, airway epithelial cells more closely resemble neurons than yeast cells.
The core exocytic machinery consists of a four-helix bundle, termed the SNARE complex, that assembles on a Munc18 scaffold to drive fusion between the secretory granule membrane and plasma membrane (5, 7, 28) . SNARE proteins contain 60-amino acid coiled-coil domains (shown as black bars in Figure 3) . Syntaxin is the central SNARE protein and contains a single SNARE domain together with three SNARE-like domains that form a "closed" four-helix bundle in the resting state (not illustrated). Syntaxin resides on the plasma membrane, and in the "open" state, its SNARE domain pairs with two SNARE domains in a SNAP family protein (synaptosomal-associated protein) that also resides on the plasma membrane, as well as with a SNARE domain in the granule membrane protein VAMP (vesicleassociated membrane protein). Interactions among the SNARE proteins both support the specificity of binding between the apposing membranes and supply the energy to drive membrane fusion. Syntaxin and VAMP proteins have transmembrane domains that anchor them, whereas SNAP proteins are attached to the plasma membrane by palmitoyl groups on a loop between the two SNARE domains.
Before interacting with the plasma membrane, secretory granules must be transported to its vicinity from the Golgi network by cytoskeletal interactions regulated in part by MARCKS (myristoylated alanine-rich C-kinase substrate) protein (29) (not illustrated). Then, Rab GTPases on the granule surface interact with tethering proteins on the plasma membrane that loosely bind the opposing membranes and initiate interactions with the cytoplasmic proteins Munc13 and Munc18 to open syntaxin (Figure 3, left) . Initial interactions among the SNARE proteins result in tight docking of the vesicle to the plasma membrane (not illustrated). Full coiling of the SNARE complex and membrane fusion does not proceed until second messengers bind to regulatory components of the exocytic machinery, particularly calcium binding to the exocytic calcium sensor synaptotagmin (Syt) (Figure 3 , center and right).
All of the description above refers to surface airway epithelial cells because these have been studied extensively in mouse models and human tissue culture systems. Mice have only a few submucosal glands in the proximal trachea, and these have not yet been studied for their exocytic mechanism, nor have cultured human submucosal gland mucous cells (11) . However, it is likely that the mechanisms are highly conserved among apically secreting cells of respiratory epithelium, based on their close developmental relationship, and as we have confirmed for several exocytic proteins expressed both in surface airway secretory cells and in alveolar type 2 cells (2, 30) . In contrast, neuroendocrine cells of the airway epithelium secrete basolaterally and express different exocytic protein isoforms (8) .
Two Distinct Molecular Machines Mediate Baseline and Stimulated Mucin Secretion
The molecular mechanism of regulated secretion described above is generic, when in fact multiple paralogs exist for the SNARE proteins and their associated proteins, with specific expression and function in different secretory tissues. Remarkably, distinct molecular machines mediate baseline and stimulated mucin secretion in the airway. For example, Munc18b (30), VAMP8 (31) , and Syt2 (32) have major roles in stimulated secretion but only minor roles in baseline secretion, and the Munc18, VAMP, and Syt TRANSATLANTIC AIRWAY CONFERENCE proteins responsible for the major roles in baseline secretion are not yet known. In contrast to these protein families with selective roles, SNAP23 and Munc13-2 have major roles in both baseline and stimulated secretion (2, 6) . Because syntaxins pair selectively with Munc18 isoforms, it is likely that different syntaxins mediate baseline and stimulated mucin secretion, but their identities are not yet known. Rab3D has been found to be associated with mucin granules (8, 32) , but the function of Rab proteins in mucin secretion has not yet been analyzed.
A key open question is whether the baseline and stimulated mucin secretory machines interact selectively with Muc5ac, Muc5b, and other secretory products. Four possible models of interaction between the plasma membrane machines and secretory vesicles are illustrated in Figure 4 . The first two of these are considered highly unlikely because there would be no apparent value to the existence of separate plasma membrane machines in these models ( Figures 4A and  4B) . In the third model ( Figure 4C ), the baseline exocytic machine is hypothesized to interact selectively with smaller granules early in their maturation after leaving the trans-Golgi network. As the granules further mature and enlarge through lateral fusion, the baseline VAMP and Syt proteins would be removed and replaced by the stimulated machine components VAMP8 and Syt2. This model is reminiscent of the Rab conversion model that directs traffic from early to late endosomes (33) . The possible utility of this model could be that baseline secretion of small granules would minimize the chance of airway occlusion during healthy conditions with its adverse consequences for airflow (34) , whereas the stimulated secretion of large granules would maximize the chance of airway occlusion to trap migrating helminths during infection (Figure 2 ). In the fourth model ( Figure 4D ), the baseline exocytic machine is hypothesized to interact selectively with granules containing Muc5b, whereas the stimulated machine would interact selectively with granules containing Muc5ac. The possible utility of this model could be the selective release of Muc5b for baseline mucociliary clearance, consistent with its demonstrated functional role (1) , and the selective explosive release of Muc5ac to trap helminths, again consistent with its demonstrated function (27) . Muc5ac and Muc5b have been shown to occupy distinct domains in luminal mucus (10, 24, 35, 36) , but it is not yet known whether they are packaged in distinct granules. Resolution of these open questions is an important goal of research in this area.
The existence of distinct components of baseline and stimulated secretory machines suggests a strategy for therapeutic manipulation of mucin secretion. As described above, baseline mucin secretion appears to be primarily responsible for homeostatic clearance function in the airway, whereas stimulated mucin secretion appears to be primarily responsible for mucus occlusion. In societies not burdened by infection with helminths that migrate through the lungs, the advantage of suppressing stimulated mucin secretion might outweigh the disadvantages. Targeting the components of the stimulated exocytic machine that are distinct from the baseline machine is a logical strategy that is currently being tested genetically for Munc18b and VAMP8 (30, 31) . Whether such a strategy would result in the selective release of mucins and other secretory products (Figure 4) , as well as whether selective release would be advantageous or disadvantageous, needs to be tested.
Conclusions
Mucin secretion is a distinct process from mucin production, mediated by different proteins and regulated by different pathways. Production and secretion interact, such as in an increased rate of mucin production resulting in an increased rate of mucin secretion despite the absence of a change in secretion efficiency. Nonetheless, it is important to specifically elucidate the mechanisms and regulation of baseline and stimulated mucin secretion so that their contributions to airway health and pathophysiology can be understood and optimally managed. n Figure 4 . Models illustrating the possible interactions of the two regulated exocytic machines of airway secretory cells with mucin granules. In each model, B designates the baseline exocytic machine and S designates the stimulated machine. Munc18 has been shortened to M18 to avoid clutter, and "?" is used to designate an unknown isoform of Munc18, VAMP (vesicle-associated membrane protein), and Syt (synaptotagmin) proteins. Blue dots within the secretory granules designate mucin 5ac (Muc5ac), and green dots designate Muc5b. (A) Two different populations of granules, each containing both Muc5ac and Muc5b, but differentially containing only one of the VAMP and Syt isoforms, are each capable of only interacting with either a baseline or a stimulated plasma membrane machine. (B) A single population of granules containing both Muc5ac and Muc5b also contains both VAMP and Syt isoforms, rendering the granules capable of interacting with both baseline and stimulated plasma membrane machines. (C) A single population of granules containing both Muc5ac and Muc5b derives from small post-Golgi vesicles that contain only the baseline VAMP and Syt isoforms that make them competent for interactions only with the baseline plasma membrane machine. These granules then enlarge by homotypic fusion and mature by losing the VAMP and Syt baseline isoforms and acquiring the VAMP and Syt stimulated isoforms, making them increasingly incompetent for fusion with the baseline plasma membrane machine but increasingly competent for the stimulated plasma membrane machine. (D) Two populations of granules containing only Muc5ac or Muc5b, and differentially containing only one of the VAMP and Syt isoforms, are each capable of only interacting with either a baseline or a stimulated plasma membrane machine.
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